Abstract: Across the United States, the impacts of stormwater runoff are being managed through the National Pollutant Discharge Elimination System (NPDES) in an effort to restore and/or maintain the quality of surface waters. State transportation authorities fall within this regulatory framework, being tasked with managing runoff leaving their impervious surfaces. Opportunely, the highway environment also has substantial amounts of green space that may be leveraged for this purpose. However, there are questions as to how much runoff reduction is provided by these spaces, a question that may have a dramatic impact on stormwater management strategies across the country. A highway median swale, located on Asheville Highway, Knoxville, Tennessee, was monitored for hydrology over an 11-month period. The total catchment was 0.64 ha, with 0.26 ha of roadway draining to 0.38 ha of a vegetated median. The results of this study indicated that 87.2% of runoff volume was sequestered by the swale. The Source Loading and Management Model for Windows (WinSLAMM) was used to model the swale runoff reduction performance to determine how well this model may perform in such an application. To calibrate the model, adjustments were made to measured on-site infiltration rates, which was identified as a sensitive parameter in the model that also had substantial measurement uncertainty in the field. The calibrated model performed reasonably with a Nash Sutcliffe Efficiency of 0.46. WinSLAMM proved to be a beneficial resource to assess green space performance; however, the sensitivity of the infiltration parameter suggests that field measurements of this characteristic may be needed to achieve accurate results.
Introduction
Increases in imperviousness lead to higher peak flow rates and total runoff volume from watersheds [1] , with detrimental effects to stream stability and ecology. One notable source of imperviousness in watersheds is the transportation system. State highway systems are required to operate under municipal separate storm sewer system (MS4) requirements since large amounts of stormwater runoff are transferred from roads to surface waters, carrying with it a range of pollutants associated with vehicle tires, brakes, engine wear, and lubricating fluids [2] . Increasingly, stormwater management techniques have shifted toward green infrastructure applications where runoff reduction is the targeted outcome and ultimately leads to decreased pollutant export.
To achieve post-construction stormwater goals, state transportation authorities are in need of Stormwater Control Measures (SCMs) that can both achieve stormwater management goals and are applicable to the highway environment. Although originally designed primarily as a stormwater conveyance, studies suggest that the vegetated (grassed) swale is one SCM that may have these desired characteristics. Grass swales convey water, yet simultaneously promote infiltration and decreased stormwater velocity [3] . Volume reduction is achieved due to this infiltration, occurring both laterally over the swale side slope and longitudinally along the swale pathway, and through storage in soil pore space (Weiss et al., 2010) .
Although a number of field studies have examined the water quality performance of swales, far fewer studies have quantified hydrologic benefits. One example is Lucke et al. [4] , which observed the responses of four field swales handling 24 standardized synthetic runoff events. This study found that the swales performed well at attenuating flow, with a mean total flow reduction of 52% in 30 m long swales and a peak flow reduction of 61%. Other authors have reported volume reduction ranging from 30 to 50% and peak flow reductions between 10 and 20% [5] [6] [7] [8] .
Parameters impacting volume reduction include the duration and depth of rain events and the available storage and length of the swale [5] . During small storm events, complete or high runoff volume reduction is possible; but, during large storm events, soil saturation causes volume reduction to be small and at times, negligible [5, 8] . Multiple studies have confirmed this occurrence and suggested the utility of these systems for capturing small events. For instance, Davis et al. [5] defined a complete capture depth for swales ranging from 0.4 to 2.2 cm, with a study from Kaighn and Yu [9] also falling within this range for two 30 m swales (0.5 to 0.7 cm). Yu et al. [10] showed a slightly higher complete capture depth of 1.27 cm for a 274.5 m swale with two check dams. Some of this variability is likely attributed to differences in soil composition, most notably soil infiltration, amongst the sites.
Ahmed et al. [11] took a total of 722 infiltration measurements across six grassed swales and showed high variability in infiltration rates (0.75-15.5 cm/h). High variability in infiltration rates was even apparent in measurements across individual swales, with uncertainties in the geometric mean as high as a factor of 4-7 when a small number of measurements are made at a site (five spatially distributed readings). Studies such as Garcia-Serrana et al. [12] have verified the influence of infiltration rate in controlled field studies of highway sideslope hydrologic function, and field analyses such as Winston et al. [13] show that poorer volume reduction performance can be observed (relative to other studies) for swales constructed in poorly infiltrating soils.
Source Loading and Management Model for Windows (WinSLAMM) was developed to model and analyze stormwater management projects of varying scale, accounting for landscape attributes such as soil infiltration rate [14] . WinSLAMM is an empirical model that is unique in its ability to determine the runoff volume and pollution loading for every source area within a land use for each rainfall event [15] . The analysis accounts for the land use variability and site characteristics, predicts runoff volumes, and evaluates stormwater control effectiveness. After being developed in the mid-1970s, the model started being used in state water quality regulatory agencies in the mid-1980s (Wisconsin Department of Natural Resources for instance). Studies such as Borris et al. [16] and Hurley and Forman [17] have utilized the model to predict the influence of various management and future socio-environmental conditions on urban water systems. Although a common model in the stormwater management field for nearly 40 years, few studies have been performed in literature to assess the performance of this model for SCMs in comparison to field collected data, and no such study was found which focused on grassed swales.
Despite the number of studies performed on vegetated swales, there are still gaps in knowledge regarding their performance. In particular, this is the case for volume reduction, where the influence of local conditions (such as infiltration rate) have been shown in literature, necessitating studies across a range of landscapes. Further, the ability for a common stormwater management analysis tool, WinSLAMM, to predict swale volume reduction is largely unknown. The objectives of this study include: (1) evaluating swale performance for volume reduction; and (2) model the swale in WinSLAMM to determine its ability to provide accurate volume reduction estimates.
Materials and Methods

Study Area
The project site is in Knoxville, TN, in the median of Asheville Highway located near the intersection of Lecil Road (Figure 1) . Asheville Highway is a four-lane divided highway with an average annual daily traffic of approximately 27,378 vehicles [18] . Stormwater is drained via two swales connected in series by a pipe for a total of 440 m. The longitudinal slope of the upper swale is 2.5% over a length of 210 m while the longitudinal slope of the lower swale is 1.5% over 230 m. The total catchment area is 0.64 ha, with 0.38 ha of pervious area (including the swale) and 0.26 ha of impervious area, making the contributing area 41% impervious and 59% pervious. The pervious area is made up of loam and silt loam soils [19] . According to the Tennessee Department of Transportation (TDOT) Standard RD01-S-11A, sod ditches are seeded with vegetal retardance classification "C" and are scarified prior to seeding [20, 21] . 
Materials and Methods
Study Area
Swale Outflow Monitoring
Monitoring equipment was installed during the summer of 2016. A 45.75 cm TRACOM fiberglass H-flume was installed at the downslope end of the swale immediately prior to discharge into a storm drain outfall. The presence of the outfall (a drop inlet style structure) allowed free discharge from the flume. Concrete was used to secure the flume approach to prevent flow under the 
Monitoring equipment was installed during the summer of 2016. A 45.75 cm TRACOM fiberglass H-flume was installed at the downslope end of the swale immediately prior to discharge into a storm drain outfall. The presence of the outfall (a drop inlet style structure) allowed free discharge from the flume. Concrete was used to secure the flume approach to prevent flow under the device. Wingwalls were constructed to direct the flow into the flume and to prevent flow from traveling around the sides. An ISCO 6712 equipped with a 730 Bubbler Flow Module was utilized to collect stage data every minute which was converted to flow via standard equations. An ISCO 674 rain gauge was installed on site and connected to an ISCO 4230 flow meter for data collection. The rain data was recorded every 5 min.
Runoff Estimations
Runoff entered the grassed swale via sheet flow, negating the ability to explicitly monitor inflow. Thus, runoff was estimated following a similar approach to that of Brown and Hunt [22] , whereby an initial abstraction of 1.3 mm is assumed (i.e., a curve number of 98) for the impervious area and the remainder of the rainfall produces runoff [23] . The pervious areas of the catchment were all associated with the swale and its sideslopes (i.e., filter strip). The total amount of rainfall that fell on these areas was considered in the runoff volume calculation. To calculate the total runoff volume, the impervious and pervious rainfall volumes were added together. Runoff reduction was calculated per Equation (1):
Modeling
WinSLAMM was selected to model the vegetated swale due to its established usage by regulatory agencies, desire to further test its capabilities, and usage in literature [16, 17] . For this study, stormwater volume was the focus, being modeled, calibrated, and analyzed for performance using collected site data. Hourly rainfall depths, the finest resolution the model allows, were aggregated from the rain gage data at the site and used to populate the rainfall parameter file. Antecedent moisture content was calculated by the model based on the rainfall file. Other parameter files remained as model suggested values based on the site's location in the southeastern United States.
For the catchment rainfall-runoff modeling, the highway was described in the model as freeway draining to pervious area. The freeway length and average daily traffic were input. All greenspace in the catchment was labeled as a pervious highway traffic urban area. Because runoff entered the greenspace as sheet flow, volume monitoring was not possible at the edge of the pavement, making calibration of these parameters impossible.
To model the swale in WinSLAMM, the contributing area was divided into four catchments. The site was divided between the upper and lower swales and subdivided into northern and southern sections (one on each side of the road). The catchment areas were determined by processing a 1-meter resolution digital elevation model in ArcGIS (Figure 1 ). Land use calculations were then made. Each catchment was made up of a freeway area (the roadway) and a large turf area (the median). The large turf area consisted of the sideslope/filter strip and the grass swale. To distinguish between the filter strip and swale, the area inundated by the static volume of a five-year frequency storm with a duration of 24 h (not considering slope) was used as the boundary condition. This method produced a depth of 0.21 m in the trapezoidal median, filling the trapezoid to a top width of 3.35 m. The associated area was taken as the extent of the swale, while the remaining area was assumed to represent the filter strip. This depth was found to be conservative (larger) than the depth of flow predicted by the mannings equation for a 10-year, 24-h storm (as estimated from the rational equation), the 10-year storm being the design criteria for TDOT. The characteristics for each control, measured or from literature, were input into WinSLAMM (Table 1) . The swale and filter strip lengths, longitudinal slopes, and the swale side slopes were determined using measurement tools within ArcGIS applied to a digital elevation model. The bottom width, grass height, and grass type were determined based on field measurements. Due to the filter strips' steep slope (12 to 17%), WinSLAMM automatically removes 3 m from their length per standard procedure (performed when slopes are >5%: PV & Associates, 2015). For the Asheville Highway site, this is the entire length of the filter strips which were measured as having lengths from 2.1 to 3 m. Thus, the lack of filter strip representation in the model as a control practice is likely a source of some error. It should be noted that the filter strip still was included in the runoff model as a pervious land use. Thus, Table 1 focuses on the attributes of the grassed swales.
Infiltration Measurements
Infiltration rates were determined by conducting field tests using double-ring infiltrometers (DRI) on the northern filter strip, southern filter strip, and grass swale [24] . Graphs of the results from the DRI tests were used to determine the point at which the infiltration rates reached an equilibrium. Field tests were performed in triplicate for each grassed swale and filter strip on two occasions (a total of six readings at each location- Table 2 ). WinSLAMM requires dynamic infiltration rate as an input, which is equivalent to the measured static infiltration rates divided by two [25] . High variability was noted for the site as has been shown in other studies of highway green space. The infiltration rates of the side slopes varied from those at the center of the swale, and the measured infiltration rates were higher than WinSLAMM's defined infiltration rates for loam and silt loam soil types (the predominate soil type in the surrounding area). Ahmed et al. [11] obtained similar results from a roadside swale study. Large differences were observed between the geometric mean infiltration rate of the side slopes and that of the center of the swale. Ahmed et al. [11] also observed that soil texture class did not have a statistically significant effect on the mean field-saturated hydraulic conductivity of a swale, which supports the observation of higher measured infiltration rates than implied by the soil type. It should be noted that soil type is a typical input to WinSLAMM from which infiltration rate is estimated. 
Results and Discussion
Data Summary
Data was collected for 11 months from 18 August 2016 until 18 July 2017, with 65 rainfall events monitored. The events ranged from a minimum rainfall of 2.8 mm to a maximum rainfall of 138.9 mm (see Figure 2) . The rainfall events were distributed over the four seasons with the most (40%) occurring during spring and the least (6%) occurring during autumn when abnormally low rainfall totals occurred. The other two seasons, summer and winter, constituted 32% and 22% of events, respectively. 
Hydrology Results
Rainfall-outflow data was plotted and resulted in a linear relationship with a correlation coefficient of 0.8 ( Figure 2a) . Two potential outliers in the data lacked agreement with the rainfalloutflow pattern. These were the largest two events monitored, a 139-mm storm showed substantially less outflow than expected (119 m 3 ), while the 98-mm storm showed substantially more (418 m 3 ). The runoff volumes from both events were removed from further analysis as there appeared to be monitoring error for these events.
The swale hydrologic performance exceeded what has been seen in previous literature. The swale runoff reduction ranged from 54.1% to 100% with a mean (average of all individual event reductions) of 87.2% (Figure 2b ). Percent runoff reduction for swales in literature ranges from 20-52% [4, 8, 13, [26] [27] [28] [29] . Davis et al. [5] , Deletic [8] , and Yu et al. [10] also observed complete capture for small storm events, ranging from 4 to 22 mm. Similarly, in this study, rain events up to 22 mm approached complete capture with an average runoff reduction of 89%. Rainfall events below 12.5 mm varied between complete capture and producing a small runoff volume, relative to rainfall, with runoff 
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The swale hydrologic performance exceeded what has been seen in previous literature. The swale runoff reduction ranged from 54.1% to 100% with a mean (average of all individual event reductions) of 87.2% (Figure 2b ). Percent runoff reduction for swales in literature ranges from 20-52% [4, 8, 13, [26] [27] [28] [29] . Davis et al. [5] , Deletic [8] , and Yu et al. [10] also observed complete capture for small storm events, ranging from 4 to 22 mm. Similarly, in this study, rain events up to 22 mm approached complete capture with an average runoff reduction of 89%. Rainfall events below 12.5 mm varied between complete capture and producing a small runoff volume, relative to rainfall, with runoff reduction varying from 75 to nearly 100% (average of 93%). This performance variability could be a result of the soil's antecedent moisture content at the time of the event.
WinSLAMM Output
Due to the model structure, whereby the impervious roadway drains onto the median green space (filter strip and swale), nearly no runoff was produced by the model for any events unless soil compaction was set to "severe" within the rainfall-runoff variables. As runoff was observed and monitored for many events conflicting with model results (as seen in Figure 2) , this was the first point of calibration in the modeling procedure. After compaction severity was adjusted, the model was found to underestimate swale outflow values (NSE of 0.35) when the field measured dynamic infiltration rates of 1.7 and 2.7 cm/h were input for the upper swale and lower swale, respectively (Figure 3a) . 
Due to the model structure, whereby the impervious roadway drains onto the median green space (filter strip and swale), nearly no runoff was produced by the model for any events unless soil compaction was set to "severe" within the rainfall-runoff variables. As runoff was observed and monitored for many events conflicting with model results (as seen in Figure 2) , this was the first point of calibration in the modeling procedure. After compaction severity was adjusted, the model was found to underestimate swale outflow values (NSE of 0.35) when the field measured dynamic infiltration rates of 1.7 and 2.7 cm/hr were input for the upper swale and lower swale, respectively (Figure 3a) . Underestimation of swale outflow suggested that either the catchment was providing more flow to the system than the model predicted, or that the swale was retaining more water than the model predicted (i.e., the infiltration rate was too high). Errors due to the temporal resolution of rainfall data (1-h precipitation) may have also contributed due to how rapidly many processes occur in small, urban watersheds. Since runoff was only measured at the outfall and not quantified at the edge of pavement, the runoff coefficients could not be calibrated to observed data. Further, it was anticipated Underestimation of swale outflow suggested that either the catchment was providing more flow to the system than the model predicted, or that the swale was retaining more water than the model predicted (i.e., the infiltration rate was too high). Errors due to the temporal resolution of rainfall data (1-h precipitation) may have also contributed due to how rapidly many processes occur in small, urban watersheds. Since runoff was only measured at the outfall and not quantified at the edge of pavement, the runoff coefficients could not be calibrated to observed data. Further, it was anticipated that the runoff coefficients in WinSLAMM are generally reasonable, given their determination through extensive field monitoring, calibration, and verification [30] . Most input variables for the model were default values or taken from field measurements. However, infiltration measurements within the swale were noted to be highly variable, from 2.5 to 9.2 cm/h for the lower swale, providing substantial error to that parameter and making it the most likely to need calibration. This is supported by recent studies by Ahmed et al. [11] who also showed high variability in the information rate of highway green space. A sensitivity analysis was performed to understand the effect of this parameter on the model performance.
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The measured dynamic infiltration rates were multiplied by factors from 0.5 to 1.2, a range of 0.9 to 2.1 cm/h and 1.4 to 3.3 cm/h for the upper and lower swales, respectively. The model was run with each adjusted infiltration rate, and the Nash-Sutcliffe model efficiency coefficient (NSE) was generated for each model iteration [31] . NSE values and modeled infiltration rates were plotted to determine under which multiplier the maximum NSE value occurs. The optimum dynamic infiltration rates were found at 80% of measured values (Figure 4 ). As an additional observation, the calibrated infiltration rates fall within the range of sandy loam and loamy sand per the WinSLAMM manual. Given that the soils surrounding the site are made up of loam and silt loam per the USDA soil survey of the area, the native soils do not correspond with the calibrated infiltration rate, which is higher than expected based on soil type [32] . Similarly, the saturated hydraulic conductivity field tests performed by Garcia-Serrana et al. [12] also showed higher infiltration rates than the native soil texture classes indicated. It is possible that the dense stand of grass provided improved permeability over time due to root action, that fill soils were used for the roadway (thus making the soil map inaccurate), and/or that an organic layer developed over time and provided additional water storage. Regardless, it is apparent that infiltration tests should be performed instead of assuming that infiltration rates in highway medians will correspond with those assumed based on soil texture. As suggested by Ahmed et al. [11] , this may require a large number of infiltration tests (between 10-40 per swale, depending on desired uncertainty factor) to be performed for a given location, likely exceeding the number of tests performed herein. This is particularly important in light of how sensitive this variable was shown to be during calibration. Figure 3b shows the measured vs. modeled runoff volumes for the final calibrated model. The measured runoff volume for each rain event during the study period was totaled and every modeled runoff volume was totaled; the percent difference was calculated to be 28.4% over the entire study. As an additional observation, the calibrated infiltration rates fall within the range of sandy loam and loamy sand per the WinSLAMM manual. Given that the soils surrounding the site are made up of loam and silt loam per the USDA soil survey of the area, the native soils do not correspond with the calibrated infiltration rate, which is higher than expected based on soil type [32] . Similarly, the saturated hydraulic conductivity field tests performed by Garcia-Serrana et al. [12] also showed higher infiltration rates than the native soil texture classes indicated. It is possible that the dense stand of grass provided improved permeability over time due to root action, that fill soils were used for the roadway (thus making the soil map inaccurate), and/or that an organic layer developed over time and provided additional water storage. Regardless, it is apparent that infiltration tests should be performed instead of assuming that infiltration rates in highway medians will correspond with those assumed based on soil texture. As suggested by Ahmed et al. [11] , this may require a large number of infiltration tests (between 10-40 per swale, depending on desired uncertainty factor) to be performed for a given location, likely exceeding the number of tests performed herein. This is particularly important in light of how sensitive this variable was shown to be during calibration. Figure 3b shows the measured vs. modeled runoff volumes for the final calibrated model. The measured runoff volume for each rain event during the study period was totaled and every modeled runoff volume was totaled; the percent difference was calculated to be 28.4% over the entire study. Percent differences for other catchments modeled by WinSLAMM have ranged from 0 to 27%, with the site size ranging from 1.6 to 390 ha of varying land use [14] . Although this project from literature was focused on catchment modeling, these values do provide some context for past WinSLAMM performance. The max NSE was approximately 0.46 using only one calibration parameter which approaches the value suggested as acceptable model performance (>0.5) in such studies as Dongquan et al. [33] and Santhi et al. [34] . The Root Mean Square Error was 19.0 m 3 , corroborating the fair, but not flawless, performance of the model suggested by the NSE. WinSLAMM appears to be a reasonable planning model for highway managers, but further study from other locations is needed to both verify the results herein and to understand which parameters can be estimated based on literature and which require field measurement. In particular, site specific infiltration measurements may be required to achieve reasonable performance.
Conclusions
This study investigated the potential for highway grassed swales to contribute to the stormwater management goals of entities such as state transportation agencies to meet MS4 requirements. The results were favorable for volume control, as the swale reduced runoff volume by a median 88.2%. One explanation for the high reduction percentage is the elevated infiltration rates measured for the site. Despite soil maps of the area identifying soils as primarily loam and silt loam, on-site infiltration tests showed relatively high infiltration rates compared to literature (2.5 cm/h to 9.2 cm/h). This parameter became critical in modeling the system, showing high sensitivity during the calibration process. The final, calibrated WinSLAMM model showed a percent difference of 28.4% between observed and modeled for the entire study period with an NSE of 0.46 and RMSE of 19.0 m 3 . The modeling process reiterated the importance of collecting localized infiltration data when modeling these systems and confirmed the findings of other studies [11, 12] that infiltration rates can be highly variable in highway environments. In addition, these results suggest the value of using WinSLAMM for estimating the performance of highway green space for stormwater management.
Although there are a number of studies examining the performance of swales as stormwater management features, the performance variability in literature suggests further study is needed to allow them to be properly credited by regulators. In particular, there is a need to better understand how infiltration rates vary in the highway environment and if tools to estimate these rates are feasible. Examining additional sites to see if infiltration rates are more elevated than the native soil texture class suggests would be beneficial for scaling estimates of highway swale performance from the local to regional level. In addition, WinSLAMM was shown to be a reasonable tool for modeling swale performance, but further study is needed to determine if the observed performance can be replicated in other sites and if improvements such as allowing a 15-min resolution rainfall input would improve performance. Using this tool, highway stormwater managers may also be able to determine how swale performance would vary given a range of infiltration rates, catchment sizes, and swale geometries. 
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